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Micro-Mechanics of Electrostrictors
for Sonar Transducers

I. Introduction

This study focuses on the performance of electrostrictor-based actuators for Navy-type Sonar
transducers, being synergistic with the parent program “Relaxor Ferroelectrics for Electrostrictive
Transducers” (N00014-90-J-4077) and the three-year AASERT project on the classification of
electrostrictors. As stated, electrostrictors have been classified into Types I-1V, analogous to
piezoelectrics (e.g. Navy Type I, PZT-4). Based on the following requirements for Navy Sonar
transducers:

o Large E-field induced strains (= 0.3%)
« Operating temperature range = 0 - 30°C
» Minimal strain-E-field hysteresis (< 1 kHz)
» Low heating due to dielectric losses
the performance of the four types of strictors have been summarized in Table I.

From the results presented in Table I, it is clearly evident that Type-I [Pb(BB2)O3] strictors
offer superior overall performance. What is not yet clear is how such materials will perform under
pre-stress and high-frequency drive conditions. In other words: what are the micro-mechanical
limitations an ultimate reliability of these materials?

In this quarterly report the remainder of the proposed PMN compositional modifications have
been investigated for use in SONAR transducers. Additionally, multilayer actuator studies utilizing
compositions developed in the parent program will be discussed.

II. Compositional Modifications (Dielectric and Polarization Behavior).

Presented in this section are the results of ongoing compositional modifications to Type I -
PMN electrostrictors. Compositional modifications to develop nano-scale strain-property relationships
of order-disorder phenomena will continue through the AASERT program.

The dielectric temperature behavior (at 1 kHz) for Ca-modified PMN ceramics are presented in
Figure 1. As shown, Tmax and Kpax decrease markedly with increasing Ca-modification, while the
transition width increases. The effects of Ca-modification on the polarization temperature behavior are
presented in Figure 2. From this figure a strong depression of the depolarization temperature Ty is
observed with increasing Ca-modification.

A plot of Tax - Tq versus % Ca- and K-modification is presented in Figure 3. The non-
linearity of the Ca data suggests limited solubility of Ca2* on the A-site in PMN ceramics. In contrast
to Ca-modification, K-modification results in increased Tmax-T4d.

The dielectric temperature behavior (1 kHz) for K-modified PMN-PT ceramics are presented in
Figure 4. Again, as with other A-site modifications, Tmax decreases with increasing K-modification.

The polarization temperature behavior for K-modified PMN-PT ceramics is presented in Figure
5. The depolarization temperature T4 is shifted downward with increasing K-modification. The
pyroelectric peak broadens and reduces with increasing K-modification.

The dielectric and polarization data for Ca- and K-modifications are summarized in Table II. In
both cases, the width of polar Regime II (Tmax - Tq) increases with A-site modification. Plots of Kmax
(Tmax - Ta)versus Tmax for Ca- and K-modifications are presented in Figure 6. As seen in this figure,
the slopes of the Kmax versus Tmax data are very similar for bothmodifications. However, different
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Figure 3. Width of Polar Regime II (Tmax-Tg) as functions of Ca- and K-
modifications to PMN-PT compositions.
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Table II. Dielectric/Polarization Data for “New’ Compositions.

*m ——

Tmax (°C) Tq Tmax - Td Kmax tandmax@°C
Composition (1 kHz) (°C) c0) (1 kHz) (1 kHz)
1/93/7 24 -20 44 27,000 0.12@10
3/93/7 4 -73 77 17,500 0.12@-14
5/93/7 -4 -103 99 15,000 0.125@-22
Ca/PMN
1% -20 -108 88 15,200
3% -38 -130 92 10,300
5% -52 -138 86 7,200

The dielectric property measurement of materials evaluated for SONAR applications allows
some conclusions to be drawn. As previously reported, the combination of A- and B-site
modifications to PMN ceramics results in Tmax’s in the usage temperature range (through Ti-
modification) and a broadened micro-macro polar Regime II (through A-site modifications). Thus,
compositions exhibiting high induced polarization/strain behavior with minimal hysteresis over a broad
temperature range are now realized. These data are compiled for reference in Appendix A.

III. Induced Polarization/Strain Behavior.

The induced polarization and transverse strain data for K- and Ca-modified PMN-PT ceramics
are compiled in Table IIl. The Ca-modified PMN compositions, with Tyax’s all well below 0°C show
correspondingly low levels of induced polarization and strain. K-modified PMN-PT compositions
exhibit greater levels than Ca-modifications, in agreement with their higher Tpax’s. The levels of
remanent strain and hysteresis are well within the specifications for SONAR-type applications within
the usage temperature range.

The levels of induced polarization and transverse strain (at 20 kV/cm) as functions of
temperature (within the proposed usage range) for Ca-modifications of 1, 3, and 5% are presented in
Figure 7. As expected from the dielectric data, these levels are quite low for all evaluated
compositions, and decrease with increasing Ca-modification.

The levels of induced polarization and transverse strain (at 20 kV/cm) as functions of
temperature (within the proposed usage range) for K-modifications of 1, 3, and 5% are presented in
Figure 8. These data are in good agreement with those from modified PMN-PT compositions having
similar Tmax values (see Appendix B).

As with the other A-site compositional modifications investigated, Tmax and Tq decrease while
Tmax - Tg increases with increasing K- or Ca-modification. These effects are manifested in the induced
polarization/strain behavior. Induced polarization and strain levels decrease with increasing
modification due to depression of Tmax below the usage range. Strain hysteresis is also decreased,
due partly to reduction in Tyax and partly to broadening of micro-macro polar Regime II.
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Figure 6. Maximum dielectric constant (Kmax) (1 KHz data) and width of Polar
Regime II (Tyax-Tq) for (a) Ca-modified PMN and (b) K-modified
0.93 PMN-0.07 PT compositions.
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IV. Additional Data.

The effects of applied D.C. bias on the dielectric temperature behavior of a Type III
electrostrictor BaTig 9Sng ;O3 are presented in Figure 9. As shown, an applied field of 10 kV/cm
depresses Kmax to roughly 1/3 its zero-bias value while Tmax is shifted upward slightly. This
behavior is expected for a normal ferroelectric where the polarization is near saturation in the zero-
bias condition. The effects of bias on the dielectric loss is also as expected, and quite similar to the
data reported previously for the Type IV electrostrictor Baj.xSrTiOs.

V. Prototype Multilayer Sonar Transducer Fabrication

As previously noted: the most desirable electrostrictor materials for Sonar transducer
applications are the A-site modified PMN-PT compositions (with Tpax = room temperature) and
the PLZT compositions (10/65/35 and 11/65/35). The latter compositions may prove inferior for
the proposed application due to internal heating during high-field high-frequency drive, as
discussed in the final report for the parent program.

Efforts are ongoing in the production of large volumes of La-modified PMN-PT
compositions for assembly into multilayer stacks.

14
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Appendix A.

Table Al. Dielectric data for modified Type I relaxor PMN compositions.

Tmax Tq Tmax - T4 Kmax tan Smax
Composition 1 kHz)(°C) °C) | O (1 kHz) (1 kHz)
PMN-PT B
PMN -10 -78 68 18.0x 103 {0.1 @ -24°C
0.98PMN-0.02PT 5 -58 63 19 0.095@ 11°C
0.97PMN-0.03PT 9.5 -45 54.5 21.5 0.09 @ 2°C
0.9SPMN-0.05PT 17.5 27 44.5 24.3 0.10@ 12°C
0.93PMN-0.07PT 27.5 -9 36.5 25.0 0.095 @ 19.8
La/PMN/PT
1/100/0 -35 -- -- 14.4 0.11 @ -47°C
1/95/5 -7 -80 73 19.0 0.09 @ -15°C
1/93/7 5 -69 74 22.7 0.11 @ -9°C
7/65/35 13.5 -55 68.5 13.7 0.05 @ 7°C
417327 34 220 55 19.0 0.09 @ 20°C
3/79/21 25.5 -48 73.5 19.0 0.09 @ 14°C
2/85/15 17.5 -49.5 67 20.5 0.10@ 5°C
1/91/9 12 -48 60 22.5 0.12 @ 0°C
Ca/PMN/PT
1/100/0 -20 -108 88 15.2 --
3/100/0 -38 -130 92 10.3 --
5/100/0 -52 -138 86 7.2 -
Sr/PMN/PT
1/93/7 9 -50.5 59.5 20.2 0.10 @ -5°C
3/93/7 -16.5 -115 98.5 18.4 [0.12 @ -38°C
5/93/7 23 -135 112 16.5 0.12 @ 44°C
Ba/PMN/PT
1/85/15 59.5 23 36.5 22.9 --
3/85/15 39 29 10 18.4 --
5/85/15 19 - - 17.5 --
K/PMN/PT
1/9317 24 220 44 27.0 0.12 @ 10°C
3/93/7 4 -73 77 17.5 0.12 @ -14°C
5/93/7 -4 -103 99 15.0 10.12 @ -22°C




Table A2. Dielectric data for Type II relaxor PLZT compositions.

Tq Tmax - Tq Kmax tan Smax
Composition

PLZT

9/65/35 -31 108 7.8 x 103 |0.06 @ 36°C
10/65/35 -69 124 7.12 0.08 @ 19°C
11/65/35 -102 141 3.31 0.08 @ 1°C

Table A3. Dielectric data for Type III “pinched” ferroelectrics Ba(Ti;.xSny)O3.

tan Syax

Composition
Ba(Ti.xSny )O3
x=0.10
x=0.13*

1 kHz)(°C)

29.0 x 103
32.5

055 @ -55°C
0.09 @ 3°C

* Note: “Pinched” ferroelectric; multiple phase transitions in vicinity of Tmax.

Table A4. Dielectric data for Type IV normal ferroelectric (Bay.xSrx)TiO3.

Tmax T4 Tmax -~ Td Kmax tan Smax
Composition 1 kHz)(°C) (°C) (°C) (1 kHz) (1 kHz)
Ba;xSrxTiO3
x =0.35 25 25 0 26.0x 103 --
x =0.40 1 1 0 23.5 --
x =045 -15 -15 0 23.5 --
x =0.50 -31.5 -31.5 0 23.5 --
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Induced Polarization (C/m?2)

Transverse Strain (x1E-6)
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Induced Polarization (C/m*2)

Transverse Strain (x1E-6)

0.30 ]
0.25 1
0.20 '*:
0.10 :

0.05 -

10 kV/cm

0.00
-20

v

|

-10

Temperature (°C)

0

T

10

v

L v I

20

30

1 v

40

50

400

300

200 -

100

10kV/cm

0
-20

L

-10

L}

0

M

10

v L)

20

v

L]

30

Temperature (°C)

@ 93PMN-07PT:1%
®  93PMN-.07PT:3%
B 93PMN-.07PT:5%

93PMN-.07PT:1%
® 93PMN-07PT:3%
" 93PMN-07PT:5%




